New evidence is presented on the sudden shift in the sentiment of market participants with the outbreak of the sovereign debt crisis. Since volatility reflects the extent to which the market evaluates the arrival of new information and provides useful insights into the dynamics of EMU sovereign debt markets, we analyse their spillovers. To that end, we first examine the unconditional patterns during the full sample (April 1999-January 2014) using a measure recently proposed by Diebold and Yılmaz (2012). Second, we make use of a dynamic analysis to evaluate net directional volatility spillovers for each of the eleven countries under study, and to determine whether core and peripheral markets present differences both before and during the crisis periods. Finally, we apply a panel analysis to empirically investigate the determinants of net directional spillovers of this kind. Our results suggest that slightly more than half of the total variance of the forecast errors is explained by shocks across countries rather than by idiosyncratic shocks. Besides, they give further support to the idea that during the pre-crisis period, most of the triggers in the volatility spillovers were central countries -peripheral countries imported credibility from them-while during the crisis peripheral countries became the dominant transmitters.
Introduction
Recent financial crises have all been characterized by quick, large-scale regional spillovers of negative financial shocks. These have been especially significant in Europe where, after the huge distress in the Greek government debt market that culminated in the rescue of May 2010, South European countries found their yield spreads with respect to Germany spiralling, and also faced skyrocketing refinancing rates. Indeed, an important reason and justification for providing financial support to Greece was precisely the "fear" of contagion (see Constâncio, 2012) ; there was a sudden loss in investor confidence and the macroeconomic and fiscal imbalances within the rest of EMU countries came firmly under the spotlight (see Beirne and Fratzscher, 2013) .
The significant increase in cross-border financial activity in the euro area since the start of the century (see Kalemli-Ozcan et al., 2010 and Barnes et al., 2010) , which has fostered a high degree of integration in European financial markets 1 , and the low degree of fiscal federalism are some of the reasons for the speed, as well as the amplitude, of the transmission of those shocks. Clearly, empirical studies are needed to evaluate the importance of spillovers across public debt markets.
Researchers have already used a variety of methodologies to study the transmission effects in euro area sovereign debt markets (correlation-based measures, conditional value-at-risk or Granger-causality approach, among others) 2 : Kalbaska and Gatkowski (2012) , Metiu (2012), Caporin et al. (2013) , Beirne and Fratzscher (2013) , Gorea and Radev (2014) , and Ludwig (2014) to name a few. Our paper adds to this literature by applying the methodology recently proposed by Diebold and Yilmaz (2012) to measure spillover effects using a generalized vector autoregressive framework in 3 which forecast-error variance decompositions are invariant to the variable ordering. This methodology allows us to examine the relative importance of both within-market and cross-market information in explaining volatility movements in each EMU sovereign bond market. Besides, it also allows us: (1) To evaluate total spillovers of volatility across these markets; (2) To compute net directional volatility spillovers summarizing information about how much each market contributes to the volatility in other markets, in net terms; (3) To produce continuously-varying indexes of total and net directional spillovers illustrating how markets evolved over time and reacted to the impressive number of specific events that took place during the sample; and (4) To map out the complex network of volatility interlinkages among the eleven markets in our sample.
Besides, to our knowledge, although there is a substantial body of literature using different extensions of Diebold and Yilmaz (2012) 's methodology to examine spillovers and transmission effects in stock, foreign exchange, or oil markets in non-EMU countries 3 , it has only rarely been applied to euro area sovereign debt markets (Antonakakis and Vergos, 2013 , Claeys and Vašicek, 2014 and Glover and Richards-Shubik, 2014 are some of the few exceptions) 4 . Nevertheless, in contrast to those studies, we focus our analysis on sovereign debt market volatility, since as far as we know; there are no empirical analyses of the effects of spillovers on sovereign market volatility, in spite of the relevance of the issue.
In this sense, as volatility reflects the extent to which the market evaluates and assimilates the arrival of new information, the analysis of its transmission pattern might provide useful insights into the characteristics and dynamics of sovereign debt markets. So, since the information gathered would provide a barometer for the vulnerability of these markets, we 3 Awartania et al., (2013) , Lee and Chang (2013) , Chau and Deesomsak (2014) or Cronin (2014) apply this methodology to examine spillovers in the United States markets; Yilmaz (2010) , Zhou et al. (2012) or Narayan et al. (2014) focus their analysis on Asian countries; Apostolakisa and Papadopoulos (2014) and Tsai (2014) examine G-7 economies; whilst Duncan and Kabundi (2013) center their analysis on South African markets. 4 Alter and Beyer (2014) also apply this methodology to quantify spillovers between sovereign credit markets and banks in the euro area.
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consider that to empirically examine spillovers on sovereign debt market volatility is a novel and relevant issue. Moreover, during crises, markets' volatilities tend to increase rapidly, and financial analysts seem to believe that volatility shocks in one market can easily have an impact on the other markets. Thus, the European debt crisis is ideal for testing net directional spillovers, identifying when and where they started in sovereign bond markets and how subsequently spread to the rest of countries.
Therefore, the main objective of this paper is to contribute to this challenging avenue of research by focusing on the effects of spillovers on EMU sovereign bond market volatility.
Unlike previous studies, in our analysis we will focus on euro area countries; though we consider both central (Austria, Belgium, Finland, France, Germany and the Netherlands) and peripheral EMU countries (Greece, Ireland, Italy, Portugal and Spain) 5 and work with 10-year yields instead of spreads over the German bund, in order to be able to include Germany in the study. Furthermore, whilst other studies analyse bond yield spread spillovers (Antonankakis and Vergos, 2013, among them), we will study bond yields' volatility spillovers. We will analyse the determinants of the detected pair-wise net directional spillovers, considering not only macroeconomic fundamentals, but also the role played by indicators of investor sentiment. Finally, we examine an extended time period spanning from the inception of the euro in January 1999, well before the global financial and sovereign debt crises, until January 2014, covering the Greek write-off and the agreement with Greece's creditor banks in 2012 and the decision of Eurogroup to consider bail-ins in the future, that was eventually decided in 2013, after the crisis in Cyprus. 5 This distinction between central and peripheral countries has been extensively used in the empirical literature. The two groups we consider roughly correspond to the distinction made by the European Commission (1995) between those countries whose currencies continuously participated in the European Exchange Rate Mechanism (ERM) from its inception maintaining broadly stable bilateral exchange rates among themselves over the sample period, and those countries whose currencies either entered the ERM later or suspended its participation in the ERM, as well as fluctuating in value to a great extent relative to the Deutschmark. These two groups are also roughly the same found in Jacquemin and Sapir (1996) , applying multivariate analysis techniques to a wide set of structural and macroeconomic indicators, to form a homogeneous group of countries. Moreover, these two groups are basically the same that those found in Ledesma-Rodríguez et al. (2005) according to the perception of economic agents with respect to the commitment to maintain the exchange rate around a central parity in the ERM and those identifying by Sosvilla-Rivero and MoralesZumaquero (2012) using cluster analysis when analysing permanent and transitory volatilities of EMU sovereign yields.
Our results suggest that a little more than half of the total variance of the forecast errors is explained by shocks across countries rather than by idiosyncratic shocks. Besides, they give further support to the idea that during the pre-crisis period, most of the triggers in the volatility spillovers were central countries -peripheral countries imported credibility from them-while during the crisis peripheral countries became the dominant transmitters. These results are in line with those of Antonakakis and Vergos (2013) who also highlight the increased vulnerability of EMU countries from the destabilizing shocks originating from the beleaguered peripheral countries rather than from core countries during the crisis.
We proceed as follows. In section 2 we discuss the econometric methodology. Section 3 describes our data and presents our empirical results (both static and dynamic). In Section 4 we present the empirical results regarding the pair-wise net directional spillovers and examine their determinants. Finally, Section 5 summarizes the main findings and offers some concluding remarks.
Econometric methodology
We use the method developed by Diebold and Yilmaz (2012) . The starting point of the analysis is the following p-order, N-variable Vector Autoregressive (VAR) model:
where
  is a vector of independently and identically distributed errors.
The key to the dynamics of the system is the moving average representation of model (1), which is given by ... ,
A being an N×N identity matrix and with and Yilmaz (2012) use the generalized VAR framework of Koop et al. (1996) and Pesaran and Shin (1998) , in which variance decompositions are invariant in terms of the variable ordering. In this case, the H-step-ahead forecast error variance decomposition is defined as follows:
where Σ is the variance matrix for the error vector ε, In the generalized VAR framework, the shocks to each variable are not orthogonalized; therefore, the sum of each row of the variance decomposition matrix does not add to unity
). In this case, each element of the decomposition matrix is normalized by dividing it by the row sum:
where, by construction,
Using the normalized elements of the decomposition matrix of equation (4), we construct the total volatility spillover index:
This index captures the level of cross-country spillovers by measuring the contribution of the spillovers of volatility across all countries to the total forecast error variance. To examine the spillover effects from and toward a specific country, we use directional volatility spillovers. Specifically, the directional volatility spillovers received by market i from all other markets j are defined as follows:
In a similar fashion, the directional volatility spillovers transmitted by market i to all other markets j are defined as follows:
The net directional volatility spillover provides information on whether a market is a receiver or a transmitter of volatility in net terms. We obtain the net spillover from market i to all other markets j by subtracting equation (7) from equation (6). Thus, the net directional volatility spillover is given by the following:
To examine the net pairwise volatility spillover between markets i and j, we compute the difference between the gross volatility shocks transmitted from market i to market j and those transmitted from j to i:
Data and empirical results

Data
We use daily data of 10-year bond yield from data collected from Thomson Reuters it is the maximum (high) price in market I on day t, and
is the daily minimum (low) price. Given that
 is an estimator of the daily variance, the 6 The sample starts in April 1999 since data for Greece are only available from that date. 7 We also used the absolute standardized log-return and the squared returns as alternative measures of daily volatility, being the results qualitatively similar.
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corresponding estimate of the annualized daily percent standard deviation (volatility) is 22 100 365 .
it it   3.2. Total spillovers Table 1 displays the total volatility spillovers computed for the whole sample. The offdiagonal column sums (labelled "Contributions to others") or row sums (labelled "Contributions from others"), are the "to" and "from" directional spillovers, and the "from minus to" differences are the net volatility spillovers. In addition, the total volatility spillover index appears in the lower right corner of the spillover table.
It is approximately the grand off-diagonal column sum (or row sum) relative to the grand column sum including diagonals (or row sum including diagonals), expressed as a percentage. As can be seen, we obtain a value of 54.23% for the total volatility spillover index among the eleven countries under study, indicating that slightly more than half of the total variance of the forecast errors during the sample is explained by shocks across countries, whereas the remaining 45.77% is explained by idiosyncratic shocks.
[Insert Table 1 here]
Regarding pairwise directional spillovers (the off-diagonal elements of the upper-left 11 × 11 submatrix), the highest observed pairwise volatility spillover is from Italy to Spain (34.03%). In return, the pairwise volatility spillover from Spain to Italy (25.27%) is secondhighest. The highest pairwise spillover value between EMU central countries is from
France to Austria (20.03%), followed by that from France to the Netherlands (18.85%).
In terms of the directional spillovers to others throughout the full sample, our results suggest that volatility in Finnish bond yields contributed the most to other countries' forecast error variance (78.58 points), followed by Dutch bond yields (78.24 points), and Italy (32 points).
Finally, we calculate the difference between the column-wise sum (the "Contribution to others") and the row-wise sum ("Contribution from others") to obtain the "net directional volatility spillovers". Italy (21.63 points) and Spain (10.68 points) are net transmitters of bond yield shocks to other countries, while Austria (-2.02 points), the Netherlands (-1.12 points) and Finland (-1.03 points) received very low percentage of bond yield shocks in net terms. On the other hand, Portugal (-32.37 points) and Ireland (-12.34 points) are definitely the leading net receivers of bond yield shocks over the full period. These results are in line with those presented in Suh (2015) applying new measures of contagion effects during the recent Eurozone sovereign debt crisis.
To gain further insights into the dynamics of the total volatility spillovers, we now estimate them using a VAR(2) approximating model with a one-sided rolling estimation window of 200 days 8 and 10 days as the predictive horizon for the underlying variance decomposition, and assess the extent and nature of spillover variation over time via the corresponding time series of spillover indexes, which we examine graphically in the total spillover plot in Figure   1 .
[Insert Figure 1 here]
As can be seen in Figure 1 , we identify two periods 9 , being April 6 2009 the breakpoint.
Therefore, during the first period (from April 1 1999 to April 5 2009), which is denoted as the pre-crisis period, yield volatility was substantially transmitted to others (we should recall that, in this period, euro sovereign bond markets were highly connected and yield spreads 
Net pairwise directional volatility spillovers
We now focus on the net directional spillover plots to explore the time-varying differences between directional TO and directional FROM spillovers (i.e., 'TO-FROM') for our eleven sovereign yields. In particular, we examined the 110 net pair-wise directional volatility spillovers. The resulting figures (not shown here to save space, but available from the authors upon request) 11 indicate that during the period under study Greece, Ireland and Portugal were the dominant net transmitters of sovereign bond volatility, while Austria, Belgium, Finland, France, Germany, Italy, The Netherlands and Spain, were mostly on the receiving end of net volatility transmission. Additionally, the results also reveal that net directional volatility spillovers vary greatly over time.
Figures 2a to 2c synthetically display the main results for our dynamic analysis of net pairwise directional spillovers, focusing on cases where the intensity was especially significant.
In the Figures However, a subset that encompasses the most important patterns found in the pre-crisis and crisis period is presented in Figures 3a and 3b . 12 Figures 2a to 2c only show the most important directional connections between the 55 pairs of the 10-year bond yields under study which correspond to the cases where we detect a net pair-wise directional connection in 64-75%, 76-87% and 88-100% of the sample. They account for a total of 14 connections when we study the whole sample (Figure 2a) , 26 in the pre-crisis period ( Figure 2b ) and 42 in the crisis period (Figure 2c ).
a peripheral country in all three). Finally, Figure 2c suggest that, during the crisis period, the pattern of major net pair-wise directional spillovers radically changes, both in intensity (the amount detected in the tenth percentile represents 71% of the total, whilst we detected no spillovers in that percentile in the pre-crisis period) and in direction: in 35 out of the 42 cases the main triggers in the volatility spillovers are peripheral countries (the receivers being central countries in 29 cases and peripheral countries in six), while only in seven cases are central countries the origin (and destination) of the volatility spillovers.
Taken together, the evidence thus far suggests that there are important episodes of volatility spillovers across EMU sovereign bond markets and that, as the crisis intensified, so too did the volatility spillovers with a significant change in the spillover direction.
Therefore, these results could reinforce the idea that during the first ten years of currency union, investors overestimated the healing effect that "sound" central countries might have on the rest of the Eurozone, and spillovers ran mostly from central to peripheral countries (accounting for 54% of the total; fourteen cases out of twenty six). However, with the onset of the crisis the situation changed radically: suddenly, market participants focused their attention on the major macroeconomic imbalances in some peripheral countries, which might not only lead them to default, but might also affect the central countries which held a substantial proportion of their sovereign assets Therefore, in the crisis period, not only the number and the intensity of volatility spillovers increased but their direction as well, now running mostly from peripheral to central countries (they account for 69% of the total; twenty nine cases out of forty two). The detailed time-varying behaviour of net pairwise spillovers between these subsets of countries is presented in Figure 3a and Figure 3b . Concretely, Figure 3a displays the main net spillovers in the precrisis period (i.e., 14 relationships running from central to peripheral countries), whilst 14 Figure 3b shows the main net spillovers in the crisis one (i.e., 29 relationships running from peripheral to central countries).
[Insert Figures 3a and 3b here]
Figures 3a and 3b complement the information presented in Figures 2a to 2c ; they show not just the change in the spillovers' direction with the crisis, but also the huge increase in their number and intensity.
Determinants of net pairwise directional volatility spillovers
Econometric methodology
After evaluating net pairwise directional volatility spillovers, we proceed now to analyse their determinants. We adopt an agnostic data-driven approach, using a general-to-specific modelling strategy with panel data techniques, to empirically assess the relevance of the variables proposed in the recent theoretical and empirical literature as potential drivers of EMU sovereign bond yield spreads in explaining the net pairwise volatility spillovers we have calculated.
Since the potential determinants are available at monthly or quarterly frequency, we generate a new dependent variable computing the monthly average of the daily net pairwise directional volatility spillovers for each country.
Instruments for modelling net pairwise directional volatility spillovers
Following Dornbusch et al. (2000) , we distinguish between two types of potential reasons for the evolution of net pairwise directional volatility spillovers: fundamentals-based variables and investor behaviour-based determinants.
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As far as the macro-fundamentals are concerned, in accordance with the literature, we include measures of the country's fiscal position (the government debt-to-GDP and the government deficit-to-GDP, DEB and DEF hereafter), the liquidity differences between markets (the overall outstanding volume of sovereign debt, LIQ) 13 , the foreign debt and net position of the country towards the rest of the world (the current-account-balance-to-GDP ratio, CAC) and a measure of inflation as a proxy of the country's loss of competitiveness (the Harmonized Index of Consumer Prices monthly inter-annual rate of growth, INF).
These variables have been widely used in the empirical literature as potential drivers of both sovereign yields and sovereign default (see, e. g., Chakrabarti and Zeaiter, 2014) . With respect to market sentiment proxies, we use the consumer confidence indicator (CCI) to gauge economic agents' perceptions of future economic activity and the monthly standard deviation of equity returns (EVOL) in each country to capture local stock market volatility. All this variables are in relative terms and represent the difference between their values in the two countries involved in the net directional bond yield volatility spillovers. Since we have detected (see Figure 1 ) that in periods of sovereign debt markets stability, total volatility spillover is much higher than in periods of distress in public debt markets, we expect that the instrumental variables impact on net directional volatility spillovers presents the opposite sign that the one they had on yield spreads. Therefore, we would expect a positive relationship between the variables CAC, LIQ and CCI with net directional volatility spillovers; and a negative relationship for the variables DEB, DEF, INF and EVOL (see . 13 Given the large size differences observed between EMU peripheral sovereign debt markets (see Gómez-Puig and Sosvilla-Rivero, 2013) , it is likely that the overall outstanding volume of sovereign debt (which is considered a measure of market depth because larger markets may present lower information costs since their securities are likely to trade frequently, and a relatively large number of investors may own or may have analysed their features) might be a good proxy of liquidity differences between markets. Indeed, some of the literature indicates the importance of market size in the success of a debt market.
A summary with the definitions and sources of all the explanatory variables used is presented in Appendix A.
Empirical results
As mentioned above, we start our eclectic empirical analysis with a general unrestricted statistical model including all explanatory variables that might influence the variables being modelled, which in our case are net pairwise directional volatility spillovers. Using standard testing procedures, we search down to the smallest model with the greatest explanatory power, based on sequences of t tests and F-tests to check the validity of the reductions at each stage in order to ensure the congruence of the finally selected model (Hendry, 1995, ch. 9 ).
The first column in Tables 2 to 5 shows the final estimation results during the whole sample period for net pairwise volatility spillovers between four groups of countries: (1) all EMU countries, (2) EMU central countries, (3) EMU peripheral countries and (4) between EMU central and peripheral countries. The results in the second column of these tables take into account the dynamic properties of the explanatory variables by introducing a dummy to analyse the differences in the coefficients' significance over time (i.e., during the stability and the crisis periods).
Therefore, in addition to the chosen independent variables, a dummy (DCRISIS, taking the value 1 in the crisis period and 0 otherwise) is also introduced in the estimations and the coefficients of the interactions between this dummy and the rest of variables are calculated 14 :
14 See Gómez-Puig (2006 and 2008) Then, the marginal effects of each variable are: β = β 1 (in the stability period) β = β 1 + β 2 (in the crisis period)
All the results reported in Tables 2 to 5 were obtained using the Fixed Effects (FE) model which is the relevant model in all cases 15 .
[Insert Tables 2 to 5 here]
Looking across the columns in these tables, and examining the spillovers between all eleven countries ( Table 2 ) and only between central and peripheral countries (Table 5 ) some common patterns can be observed. With regard to the variables measuring market sentiment, we find a negative, significant effect for stock-market volatility (EVOL), whereas, as expected, the consumer confidence indicator (CCI) presents a positive sign. As for the local macro-fundamentals, our results suggest a negative impact on net directional spillovers of one variable that measures the fiscal position (the government debt-to-GDP) and another one that gauges the country's level of competitiveness (INF) 16 . Moreover, without exception, all marginal effects register an increase in the crisis period compared to the pre-crisis period. This rise in the sensitivity to both fundamentals and market sentiments during the crisis period compared with the pre-crisis period is in line with the previous empirical literature (see Gómez-Puig et al., 2014, among others) . The reassessment of objectively unchanged fundamentals in other countries, when a crisis occurs in one country is what Goldstein (1998) calls 'wake-up call' contagion, since it draws the attention of market participants to existing problems or risks they failed to see beforehand, and so is the result of an efficient correction that leads to a more accurate assessment of fundamentals.
It is worth noting that our analysis highlights the differences between the two groups of EMU countries: central and peripheral. In net directional spillover episodes between central countries (see Table 3 ), variables that gauge macroeconomic fundamentals seem to present a relatively higher relevance, while participants' perceptions seem to play a major role in relationships between peripheral countries (see Table 4 ). In both cases, four variables assessing macroeconomic fundamentals are significant with the expected sign.
However, while only one variable measuring market sentiment (the consumer confidence indicator, CCI) is statistically significant to explain spillovers between central countries, two variables (EVOL and CCI) are significant with the expected sign in the case of peripheral countries. Again, without exception, for the two groups of countries all marginal effects register an increase in the crisis period compared to the pre-crisis period.
Therefore, our results indicate that the crisis had a significant impact on the markets' reactions to financial news, especially in EMU peripheral countries. In this respect, some authors have argued that a financial crisis might spread from one country to another due to market imperfection or to the herding behaviour of international investors. For instance, Beirne and Fratscher (2013) also indicate that for EMU peripheral countries there is strong evidence in favour of this hypothesis, though for other countries the evidence is much weaker since macroeconomic fundamentals are more relevant. Moreover, the time-varying impact of the different variables in the crisis and pre-crisis periods is another interesting finding that supports the idea that, when a shock occurs, market participants reconsider the effects of relevant variables.
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Concluding remarks
The recent crisis has underlined that the cross-border transmission of shocks can be rapid and powerful in the EMU, where trade and financial inter-linkages are strong and where confidence effects have been shown to be an important transmission mechanism. In particular, sovereign markets have been identified as powerful vectors of contagion during the crisis; therefore, a good understanding of cross-border spillovers within the euro area is essential for policy coordination and design.
In this paper we have used a measure recently proposed by Diebold and Yılmaz (2012) For the whole sample, we have obtained a value of 54.23% for the total volatility spillover index among the eleven countries under study. Italy and Spain are the main net transmitters of bond yields shocks to other countries, while Portugal and Ireland are found to be the leading net receivers. As for the dynamics of the total volatility spillovers, we have identified a first period (denoted the "pre-crisis period") during which bond yield volatility was substantially transmitted to others, and a second one (denoted the "crisis period") during which the spillover of bond yield volatility registered a decrease. April 6 However, in the case of those relationships that run from a central to a peripheral country, or vice versa, both types of variable seem to be equally relevant. Finally, without exception, all marginal effects register an increase in the crisis period compared to the pre-crisis period, suggesting that the market participants reassess the relevance of the variables as the crisis unfolds.
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All in all, our results give further support to the hypothesis that, during the first ten years of EMU, peripheral countries imported credibility from central countries. With the outbreak of the crisis, there was a sudden shift in the sentiment of market participants, who suddenly turned their attention to the significant macroeconomic imbalances in some of the peripheral countries and the possibility of contagion to central countries.
The findings of this paper may increase further our understanding of the level and transmission mechanism of volatility spillovers across EMU sovereign bond markets, drawing attention to the intricate and time-variant linkages that exist between such markets.
They may be of use to market regulators in their attempts to formulate effective policies for tackling financial uncertainty and tension transmission, particularly during periods of turbulence. Notes: We show the most important directional connections between the 55 pairs of the 10-year bond yields under study. Black, red and orange links (black, grey and light grey when viewed in grey scale) correspond, respectively, to the cases where we detect a net pair-wise directional connection in 64-75%, 76-87% and 88-100% of the sample. Node size indicates sovereign debt market size. GER, FRA, ITA, SPA, NET, BEL AUS, GRE, FIN, POR and IRE stand for Germany, France, Italy, Spain, the Netherlands, Belgium, Austria, Greece, Finland, Portugal and Ireland, respectively. 
